The binding affinities of OPFRs for p53 DNA fragment were studied. The interaction of 9 OPFRs with p53 was explored by UV and fluorescence spectroscopy. The electrostatic potentials were found to be the dominant interactions. The QSAR had good robustness, predictive ability and mechanism interpretability.
Health concerns have been raised in regards to the environmental impact of the more frequently used organophosphate flame retardants (OPFRs). In this study, the effects of two typical OPFRs (TCPP and TPhP) on p53 gene expression in human embryo liver L02 cells were determined by quantitative real-time PCR. To better understand the relationship between molecular structural features of OPFRs and binding affinities for the tumor suppressor genes p53, an integrated experimental and in silico approach was used. The interaction of 9 OPFRs with p53 DNA fragment under simulated physiological conditions (phosphate buffer solution of pH 7.40), was explored by UV absorption spectroscopy, fluorescence spectroscopy and molecular modeling method. The binding constants of 9 OPFRs with p53 DNA fragment were determined respectively, using ethidium bromide (EB) as fluorescence probe of DNA. From docking analysis, hydrogen bonding and hydrophobic interactions were found to be the dominant interactions. Based on the observed interactions, appropriate molecular structural parameters were adopted to develop a quantitative structure-activity relationship (QSAR) model. The binding affinities of OPFRs to p53 DNA fragment were related with molecular electrostatic potential. The developed QSAR model had good robustness, predictive ability and mechanism interpretability.
2014 Elsevier Ireland Ltd. All rights reserved.
Introduction
Organophosphorus flame retardants (OPFRs) are considered as re-emerging pollutants because of their increased use after polybrominated diphenyl ethers (PBDEs) bans (Dishaw et al., 2011; van der Veen and de Boer, 2012) . OPFRs can diffuse out into surroundings relatively easily by volatilization, leaching and/or abrasion since they are not covalently bound to host materials (Marklund et al., 2003; Reemtsma et al., 2008) . OPFRs can be used as flame retardants and plasticizers in a wide variety Abbreviations: OPFRs, organophosphate flame retardants; TCEP, Tris(2-chloroethyl)phosphate; TCPP, Tris(2-chloroisopropyl)phosphate; TPrP, Tris(2-chloroisopropyl)phosphate; DnBP, di-n-butylphosphate; TEHP, Tris(2-ethylhexyl)phosphate; TPhP, triphenylphosphate; TEP, triethylphosphate; TMP, trimethylphosphate; TCrP, tricresyl phosphate; AD, applicability domain; E HOMO , energy of the highest occupied molecular orbital; E LUMO , energy of the lowest unoccupied molecular orbital; log K OW , logarithm of octanol/water partition coefficient; PLS, partial least squares; Q of applications, resulting in their ubiquitous occurrence in all environmental compartments including indoor dust (Marklund et al., 2003; Stapleton et al., 2009; Takigami et al., 2009) , water (Bacaloni et al., 2008; Regnery and Puttmann, 2010) , sediments (Garcia-Lopez et al., 2009) , soils (David and Seiber, 1999) and even in the aquatic organisms and in human breast milk (Liu et al., 2012) .
Compared with PBDEs, OPFRs have received little attention with regard to human exposure and potential toxicological effects. The chlorinated alkylphosphates such as Tris-(2-chloro-, 1-methylethyl)-phosphate (TCPP) and Tris-(2-chloroethyl)-phosphate (TCEP) are mostly used as flame retardants in polyurethane foam, which are carcinogenic in animals (Andresen et al., 2004) . Meeker and Stapleton (2010) reported that triphenyl phosphate (TPP) was associated with altered hormone levels and decreased semen quality in men, which was shown to be a potent human blood monocyte carboxylesterase inhibitor (Saboori et al., 1991) . OPFRs could alter sex hormone balance through several mechanisms including alterations of steroidogenesis or estrogen metabolism (Liu et al., 2012 ). An avian in vitro screening study was recently conducted to aid in testing prioritization of 16 structurally diverse flame retardants (Porter et al., 2014) . Considering their toxicity, more attention should be paid to human OPFRs exposure and the potential human health risk (Cao et al., 2012) .
It is well-known that DNA is one of the most important biological molecules targeted by many small molecules, which can bind to DNA via covalent or non-covalent interactions. Many types of cancer can be partly attributed to gene mutations, initiate carcinogenesis and DNA damage induced by unwanted small molecules (Kashanian et al., 2012; Zhang et al., 2014) . Søderlund et al. (1985) reported that Tris(1,3-dichloro-2-propyl) phosphate (Tris-CP), which was commercially available as flame retardants in synthetic fibers, plastics and urethane foams, was metabolized to products which were mutagenic for Salmonella typhimurium TA100 in the presence of liver microsomes from phenobarbital (PB)-pretreated rats and NADPH.
In recent years, the interaction between DNA and some chemicals including coumarins , sodium saccharin and metolcarb have been reported. These studies have provided much useful information to elucidate the mechanism of binding interactions between chemicals and DNA. Therefore, exploring the complex formations of DNA with OPFRs is considered as an important step to provide valuable information about the genotoxicity and carcinogenicity of OPFRs.
p53 is a short-lived transcription factor that has been most extensively studied in its capacity to mediate innate tumor suppression (Vousden and Lane, 2007; Meek, 2009) . In animal models, loss or mutation of p53 predisposes to a range of spontaneous and induced tumors (Iwakuma and Lozano, 2007) , highlighting its protective role as a barrier to tumor development. It is reported that liver, breast, gastric and lung cancer are related with the p53 gene inactivation (Petitjean et al., 2007) . Hence, it is of great importance to study the mechanism of gene damage caused by OPFRs and their structure-activity relationship (QSARs) for the interaction. Furthermore, molecular docking has become an integral part of many modern structure-based computational simulations of chemicals (Martinez et al., 2008) . Combinational use of docking with QSAR can provide more information on the interaction between the ligand and the receptor (Li et al., 2010a (Li et al., ,b, 2012 .
In this study, the effects of TCPP and TPhP on p53 gene expression in human embryo liver L02 cells were determined by quantitative real-time PCR. The UV-vis absorption and fluorescence were employed to determine the binding mode of the OPFR-p53 DNA fragment interaction in physiological buffer (pH 7.4). Moreover, molecular docking was performed to demonstrate the position and preferential docking sites of the representative OPFRs in p53 DNA fragment. Finally, the theory prediction QSAR model for the binding constants of OPFRs interacting with p53 DNA fragment is developed. The results may provide insight into the binding mechanism of OPFRs with p53 DNA fragment at the molecular level and potential hazards of the OPFRs.
Materials and methods

Instrument and reagent
The UV-vis absorption spectra were measured on a Shimadzu UV-2450 spectrophotometer equipped with a controlled cell holder matched with 1.0 cm quartz cells. The fluorescence spectral titrations were performed on a spectrofluorometer (model F-4500, Hitachi, Japan) with a DC-2006 thermostat bath (Ningbo Xinyi Ultrasonic Instrument Co., Ningbo, China). Appropriate blanks corresponding to the buffer were subtracted to correct the fluorescence background.
Tris(2-chloroethyl) phosphate (TCEP, 99.0%), Tris(2-chloroisopropyl) phosphate (TCPP, 99.5%), Tris(2-chloroisopropyl) phosphate (TPrP, 99.5%), di-n-butylphosphate (DnBP, 98.0%), Tris (2-ethylhexyl) phosphate (TEHP, 98.5%), triphenylphosphate (TPhP, 99.5%), triethylphosphate (TEP, 99.5%), trimethylphosphate (TMP, 99.5%) and tricresyl phosphate (TCrP, 98.5%) were purchased from J&K Chemical Ltd. (China). The ultrapure water from a Millipore Simplicity water purification system (Millipore, Molsheim, France) was used throughout the experiment. All solutions were adjusted to pH 7.4 with phosphate buffer solution (PBS).
Quantitative real-time PCR of p53 gene expression analysis
The human embryo liver L02 cells were kindly provided by Professor Sijin Liu in research center for eco-environmental sciences, Chinese academy of sciences and maintained in 1640 medium (Hyclone, USA), added with 10% (v/v) fetal bovine serum (FBS), 100 U/ml penicillin, and 100 mg/ml streptomycin, in a humidified atmosphere containing 5% CO 2 at 28 C. The L02 cells were exposed with low, media and high concentration (1, 10, 100 mM) of TCPP or TPhP for 24 h, respectively.
Total RNA was isolated in TRIzol reagent (Invitrogen, Carlsbad, CA, USA) from the L02 cells following the manufacturer's directions. RT-PCR primers used to quantify the HPRT1 and p53 are F: TGACACTGGCAAAACAATGCA, R: GGTCCTTTTCACCAGCAAGCT, F: TCTCCCCAGCCAAAGAAGAAA, R: TTCCAAGGCCTCATTCAGCTC.
The RT-PCR were implemented in a total volume of 20.0 ml containing 6.0 ml of 1:20 diluted cDNA, 0.4 ml of each primer, 10.0 ml of 2 Â SYBR Green Master Mix and 3.2 ml of PCR-grade water in triplicate. The PCR program was started at 95 C for 7 min, followed by 40 cycles for 10 s at 95 C, 30 s at 60 C. The last cycle was 95 C for 35 s, 60 C for 25 s. After that, data were analyzed with the ABI 7500 SDS software. The expression levels of p53 gene were calculated by the comparative CT (2 ÀDDCT ) as previously described (Livak and Schmittgen, 2001 ).
The preparation of double-stranded DNA
The selected DNA segment sequence of p53 (5 0 -CCTCCTCCCCAACTCC-3 0 , 3 0 -GGAGGAGGGGTTGAGG-5 0 ) was part of the p53 upstream promoter regions, which was used together with OPFRs in DNA-binding assay. Promoters contain specific DNA sequences and response elements that provide a secure initial binding site for RNA polymerase and for proteins called transcription factors that recruit RNA polymerase. It is supposed that the normal transcription and translation will be interfered if OPFRs selectively binds to the promoter region of p53 gene.
The selected two complementary single-stranded p53 DNA segments were obtained from Shenggong Biotech (Shanghai, China). They were dissolved in PBS (pH 7.4, 500 mM), which was kept in 85 C for 12 min, annealing, and then slow cooling to room temperature, resulting in the double-stranded DNA solution (500 mM). The purity of the double-stranded DNA was determined by the ratio of the absorbance at 260 nm to that at 280 nm. The current solution gave a ratio of A260/A280 > 1.8, suggesting that the double helix structure was formed from single-strand DNA (Santhiya et al., 2012) .
OPFRs-p53 interaction studies by UV-vis and fluorescence spectra
To investigate the binding affinity between p53 DNA fragment and OPFRs, UV-vis and fluorescence spectra measurements were performed in pH 7.4 PBS at room temperature. The OPFRs were prepared as 0.1 M DMSO stock solution and was diluted by PBS for DNA binding studies (0, 2, 4, 8, 12, 16, 20 mM). The p53 DNA fragment was diluted to 2 mM and was added in different amounts of OPFRs. The concentration gradient of each OPFR for the determination is 0, 1, 2, 4, 6, 8, 10 mM and that of p53 DNA fragment is 1 mM. After the mixture was incubated for 60 min, the absorption spectra were performed from 190 to 350 nm.
In the competitive binding experiments, the florescence quenching efficiency of DNA-probe system by small molecule is usually used to determine its DNA binding affinity (Zhu et al., 2014) . To further investigate on the mode of binding of each OPFRs, competitive ethidium bromide (EB) binding study was performed by fluorescence spectroscopic titration. Thus, to a solution of p53 DNA fragment (1 mM) and EB (10 mM) in PBS (pH 7.4), aliquots of a certain amount of a solution of OPFRs were added. The corresponding fluorescence spectra were recorded with excitation at 480 nm and emission at 500-800 nm.
According to the classical Sterne-Volmer equation:
where F 0 and F are the fluorescence intensities of DNA in the absence and presence of OPFRs complex, respectively. Also K SV is the Stern-Volmer quenching constant and [Q] is the concentration of the quencher. The binding constant (K b ) and the number of binding sites (n) for OPFRs-p53 system can be determined by the following equation (Janishidi et al., 2014) .
where K b and n are the binding constant and the number of binding sites in base pairs, respectively.
Molecular modeling
The crystal structure of the p53 DNA fragment was generated from the web site (http://structure.usc.edu/make-na/server.html). The following molecular docking studies were implemented with the software package CDOCKER, which has been incorporated into Discovery Studio 2.5 (Accelrys Software Inc.) through the Dock Ligands protocol. CDOCKER is an implementation of the docking tool based on the CHARMm force field that has been proven to be viable (Wu et al., 2003) . In CDOCKER, 10 random ligand conformations are generated. The conformations are further refined by grid-based simulated annealing in the binding site, which makes the results accurate. In addition, the electrostatic potentials of the p53 DNA fragment were calculated by the electrostatic protocol that had been incorporated into Discovery Studio 2.5. From the docking analysis, insights into the interactions between the OPFRs and the p53 DNA fragment were gained.
Mechanism consideration and molecular structural parameters selection
It was hypothesized that the binding affinities between OPFRs and p53 DNA fragment depended on the following two processes: (a) the penetration of OPFRs through bio-membrane and reaching the target site of action, and (b) the interactions between the OPFRs and p53 DNA fragment. Thus, theoretical parameters were computed and selected to characterize the processes. For example, the logarithm of octanol/water partition coefficient (log K OW ) was purposely selected to describe the partition process, which was obtained from Reemtsma et al. (2008) . The parameters molecular volume (V), the average molecular polarizability (a) and the polarizability term (p I ) (Famini and Wilson, 1999) were also selected to partly describe the partition since they correlated with log K OW (Nguyen et al., 2005) . The energy of the highest occupied molecular orbital (E HOMO ) and the energy of the lowest unoccupied molecular orbital (E LUMO ) were selected to describe the ability of accepting proton and donating proton, respectively, which had been used to predict the binding affinities of compounds (Gao et al., 1999; Hu and Aizawa, 2003) . The most positive hydrogen atom in the molecule (qH + ), the most negative formal charge in the molecule (q À ), electrophilicity index (v), the most positive and most negative values of the molecular surface potential (V s , max , V s , min ), the averages of the positive and negative potentials on the molecular surface (V s þ , V s À ), the average deviation of surface potential (A) and the balance parameter of surface potential (t) were purposely selected to describe the intermolecular electrostatic interactions between the OPFRs and the receptor p53 DNA fragment. These quantum molecular descriptors were computed by Gaussian 09 programs (Frisch et al., 2009) . Initial geometries of the compounds were optimized by semi-empirical method PM3, then optimized at the hybrid Hartree-Fock density functional theory B3LYP/6-31G (d, p) level. Solvent effects (water) were taken into consideration implicitly, including the integral equation formulation of the polarized continuum model (IEFPCM). The frequency analysis was performed on the optimized geometries to ensure that the systems had no imaginary vibration frequencies. More details for these descriptors were shown in Table S1 . Additionally, DRAGON software was also employed to calculate molecular structural descriptors. 1481 descriptors were computed, and then those with constant were discarded.
Model development and validation
Partial least squares (PLS) regression was performed for the model development as PLS can analyze data with strongly collinear, noisy and numerous predictor variables. Simca-S (Version 6.0, Umetri AB & Erisoft AB) was employed for the PLS analysis. The conditions for the computation were: cross-validation rounds = 7, maximum iteration = 200, missing data tolerance = 50%, and significance level limit = 0.05. Within Simca, the number of significant PLS components (A, model dimensionality) is determined by cross-validation. With cross-validation, observations are kept out of the model development, and then the response values (Y) for the excluded observations are predicted by the model and compared with the actual values. This procedure is repeated several times until every observation has been kept out once and only once. Cross-validation simulates how well a model predicts new data, and gives a statistical Q 2 CUM (the fraction of the total variation of the dependent variables that can be predicted by all the extracted components) for model. The PLS analysis was performed repeatedly so as to eliminate redundant molecular structural parameters, as done in our previous studies (Li et al., 2010a (Li et al., ,b, 2012 .
Results and discussion
Effect of OPFRs on p53 genes expression in L02 cells
The variation profiles of p53 mRNA expression in human embryo liver L02 cells were shown in Fig. 1 . The p53 mRNA level was significantly increased in L02 cells treated with TCPP and TPhP in a dose-dependent manner, indicating that apoptosis induced by OPFRs depended on the induction and activation of p53. The central transcription factor p53 governs the signals arising from DNA adducts. The p53 pathway is central in the response to DNA damage (Clewell et al., 2014) . Hence, the binding interaction between OPFRs and p53 DNA segments was studied as following.
UV absorption spectroscopy studies
The DNA binding properties of 9 OPFRs with p53 DNA fragment were investigated by UV-vis spectra in PBS (0.1 M, pH 7.4) at 25 C. As shown in Fig. 2 and Table 1, in the presence of increasing concentration of OPFRs, the absorption intensities of p53 DNA segment enhanced in high hyperchromities, respectively, and the maximum absorption (l max ) showed blue shift (1.0-4.0 nm). The observed spectral changes (hypsochromism and blue shift) implied that there were interactions between OPFRs and p53 DNA fragment, which may damage the structure of DNA or insert into the base pairs of DNA as DNA-intercalating agents.
To further investigate on the mode of binding of each OPFR, the fluorescence properties were performed to investigate the interactions between 9 OPFRs and p53 DNA segment in PBS (0.1 M, pH 7.4) at 25 C. As DNA itself has no fluorescence, EB is expected to help investigate the interaction of OPFRs with p53 DNA segment as a probe. EB is a typical mutagenic intercalating dye for DNA and it has been studied for many years. The significant quenching of the DNA-EB fluorescence suggests that the complex can compete for DNA-binding sites with EB and displace EB from the DNA-EB system, which is usually characteristic of the intercalative interaction of compounds with DNA (Anjomshoa et al., 2014; Tian et al., 2014) .
As shown in Fig. 3 , the fluorescent intensity of EB-DNA is remarkably quenched upon adding the 9 OPFRs and a dose-response phenomenon is observed, which represents the replacement of EB by these complexes.
From the linear plot of log [(F 0 À F)/F] versus log [Q], K b and n were calculated and listed in Tables 1 and 2 . Among them, TPhP had the highest binding constant, which suggested that the OPFRs with phenyl group have stronger binding properties with p53 DNA segment than that with chlorine or hydrocarbonyl substituent groups. The exact interaction between DNA and 9 OPFRs can be more complicated since the linear relationship is not well presented and there may exist other interactions between OPFRs and DNA.
Docking analysis
To embody above experimental results and further understand the mode of interaction, molecular docking studies were performed to get valuable information. Molecular modeling has played an important role in studying the interaction of small molecules with biomacromolecules (Li et al., 2010a (Li et al., ,b, 2012 . Fig. 4 shows the docking view of 3 representative OPFRs (Tris(2-chloroethyl) phosphate, tri-n-propylphosphate and triphenylphosphate) in the binding site of DNA. Hydrogen-bondings are observed to be characteristic interactions. Hydrogen bond was the main source to maintain the stability of the system of OPFRs with DNA: (a) H-bonds formed between the oxygen of phosphorus oxygen double bond and the phenyl of thymine; (b) H-bonds between the oxygen of alkyl oxygen bond and the hydrogen of thymine.
Acting as an 'anchor', the hydrogen-bonding intensely determines the 3D space position of the OPFRs in the binding pocket, and facilitates the hydrophobic interaction of the OPFRs with adenine (A), thymine (T), cytosine (C) and guanine (G), as shown in Fig. 4 . Additionally, there are also p-p interactions between the phenyl of TPhP and cytosine (C) or thymine (T).
The molecular surface potential indicates the charge distribution in a molecule, which gauge the basicity and nucleophilicity of a molecule. As shown in Fig. S1 , the binding site has positive potentials, from which it can also be concluded that the negative potentials of the OPFR molecules facilitate them to bind with DNA. Therefore, the results obtained from the above molecular modeling demonstrated that there are two interaction modes between OPFRs and p53 DNA segment, the electrostatic binding mode and the intercalation binding mode, which consists of the experimental results from the spectroscopic studies. 
Development and validation of the QSAR model for the log K b
Forward stepwise regression was adopted to screen significant molecular descriptors. Finally, 7 molecular descriptors were selected as the predictive variables for model development, which are listed in Table 2. PLS analysis with the log K b as the dependent variable and the molecular structural parameters as predictor variables resulted in the following optimal QSAR model: log K b = À1.79 Â 10 À 1 + 3.75 N + 4.38 V s À + 2.70 Â 10 À 1 MATS 8e n = 9, A = 2, R 2 = 0.924, (Golbraikh and Tropsha, 2002) . The predicted log K b values were consistent with the observed values. In summary, the developed QSAR model shows satisfactory performance which can illuminate the mechanism of interaction between OPFRs and p53 DNA segment and can be used to predict the log K b values of other OPFRs.
Mechanistic implications of the developed QSAR model
Values of the variable importance in the projection (VIP) and PLS weights (W*) are listed in Table 4 . The W* values can be used to estimate how the predictor variables and the response variables combine in the projections (PLS components), and how they relate to each other.
The established PLS model extracted two PLS component loaded primarily on 3 predictor variables, the number of binding site (N), V s À , and MATS 8e . (Table 3) . N remarkably governs log K b , as indicated by its VIP, the largest among all the predictor variables. V s À itself also has a negative value, and stands for the average of the negative potentials on the molecular surface. The electrostatic potential analysis showed that the binding site preferred to bind with the negative potentials on the molecules (Fig. S1 ). Hence, it is The second PLS components also extract 2 descriptors, N and MATS 8e . MATS 8e is a 2D autocorrelation descriptor that is weighted by atomic Sanderson electronegativities (Roy and Kadam, 2006) . The coefficient of MATS 8e in the current QSAR model indicates the positive correlation between MATS 8e and log K b . In general, the current QSAR model indicated that the log K b value was related to the number of binding site and electrostatic potential.
Conclusion
In this study, OPFRs could induce the expression of p53 mRNA. The interaction of OPFRs with p53 DNA segment was studied by UV absorption, fluorescence spectroscopy, molecular docking and QSAR. There were intercalation and electrostatic interaction between OPFRs and p53 DNA segment. Molecular docking studies provided direct evidence for the interaction and supported the experimental results. The OPFRs with stronger negative molecular electrostatic potential tended to bind with p53 DNA segment easily. The developed QSAR model had good robustness, predictive ability, and mechanism interpretability, which further advanced our knowledge of the interaction of OPFRs with p53 DNA segment and could be useful in assessing the toxicologic effects of OPFRs. 
